In this work, multilayers of Co/Pd with out of plane anisotropy have been deposited on the bottom of porous alumina membranes, forming nanodomes films with 100 and 200 nm diameter. The magnetization reversal of the multilayers is investigated by magnetization curves, extraordinary Hall effect and magnetic force microscopy (MFM) experiments. The results show that as the pore diameter increase, a larger hall resistivity is obtained, compared with the continuous film. © 2017 Author(s) 
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I. INTRODUCTION
Magnetic thin films with perpendicular magnetic anisotropy (PMA) are very important in the recording 1-3 and as magnetic sensors industries. 4, 5 The research and potential applications of nanopatterned PMA films is still more exciting, since the patterns can have length scales similar to the domain-wall widths and can be tailored to limit the domain-wall propagation, [6] [7] [8] and to observe new magnetic phenomena as magnetic skyrmions. 9 Methods for fabrication of nanopaterned PMA films include lithography or self-assembling block copolymers. 3,5,10 E-beam lithography techniques are expensive and slow, and self-assembling of nanospheres presents problems with both dislocations and adhesion to the substrates. Among the ways to produce nanostructured films, anodized alumina templates (AAO) have emerged as a low cost, simple and effective method to obtain large areas of nanopatterns. 6, 11 When a material is deposited on top of AAO membranes with pores of different diameter a continuous film with an arrangement of holes is obtained. However, if we use the bottom side of AAO membranes (barrier layer) we can obtain nanohills or nanodomes films, where the last one shows different magnetic reversion mechanisms and can be interesting in basic and applied research in magnetism. PMA Co/Pt multilayers deposited on alumina barrier layers, forming nanobumps, have been studied before, 12, 13 but only bump periods inferior to 100 nm have been analyzed. Larger period with curved surfaces have been studied by deposition of Co/Pd films on self-assembled SiO 2 nanospheres, 5 but with the associated problems mentioned above that are a limiting factor for magnetotransport studies.
In this work we use the bottom side of nanostructured AAO membranes fabricated with pore diameters of 100 nm and 250 nm as substrates for deposition of Co/Pd multilayers. The magnetic domain configuration was observed by magnetic force microscopy (MFM), and magnetic and magnetotransport properties of the nanostructured films were studied by magnetometry and Hall effect measurements. 
II. EXPERIMENTAL METHOD
The fabrication process of magnetic nanodomes is composed of a three-stage method where the film is deposited onto the barrier layer of nanoporous alumina membranes (NAMs). 12 The first step consists of the fabrication of NAMs by double anodization technique 14, 15 and subsequent removal of the remaining Al by chemical etching, exposing the bottom oxide barrier layer. Two sets of membranes were fabricated, with different anodization voltages in order to obtain different pore sizes. The resulting mean pore diameter of membranes was of the order of 50 nm, with a separation between pores of 100 nm for the oxalic acid at 50 V, called normal anodization (NA) process and 100 nm of pore sizes with 250 nm of interpore distance by using oxalic acid at 100 V, denominated hard anodization (HA) process. 16 The interpore distance of each sample is directly related to the bumps mean diameter in the oxide barrier layer, which implies that our sample set is composed by hexagonal domes arrangement with 100 and 250 nm of diameter.
A second stage was the deposition of Co/Pd multilayers on the bumpy membranes by sputtering. The multilayers arrangement consists in Pd(1nm)/[Co(0.4nm)/Pd(1nm)] x10 , covered by an additional 2 nm of Pd to avoid oxidation. The base pressure in the chamber was 8×10 ☞7 Torr, and the Ar pressure during deposition was kept at 3 mTorr using 20 sccm Ar flow. Reference samples have been also deposited at the same time on glass substrates, and Hall cross masks of 1 mm width have been used during sputtering for posterior Hall effect measurements in all samples. Hall resistivity measurements have been performed by four-probe method, using Au covered small pogo-pins making electrical contact and using a Keithley source current (6220) and nanovoltmeter (2182A) for temperatures between 4-300K in a closed cryostat system with 5 T of capability (Cryogenic LTD.).
The morphology of the samples was studied with scanning electron microscopy (SEM) Zeiss EVO MA10 and atomic force microscope (AFM) ezAFM from Nanomagnetic Instrument used also as magnetic force microscope (MFM). The hysteresis loops have been measured at room temperature on a homemade Alternating Gradient Force Magnetometer (AGFM). shows ∼250 nm dome diameter obtained from the HA process. Fig. 1 .c and 1.d shows AFM images with the topology of the samples, and in the inset it is shown the height profile of the nanodomes. It can be observed that in the HA sample the height of the domes is bigger than in the NA sample.
III. RESULTS AND DISCUSSION
The magnetization curves of the nanodomes and the reference films are shown in Figure 2 , where the magnetic field was applied perpendicular to the film plane. The magnetization curve of nanodomes has a larger coercivity than the curve measured in the continuous film. The increase in coercivity can be attributed to different mechanisms of magnetization reversal in the array of nanodomes as compared to the continuous film, where similar results have been observed previously in samples with out-of-plane anisotropy deposited in nanostructure substrates. 12, 13 It is interesting to note that in the HA sample there is a decrease in the magnetic remanence compared with both the film and the sample with nanodomes of 100 nm. This effect could be a direct consequence of the competition of the out of plane with in-plane anisotropies due to the larger curvature of the 250 nm nanodomes, making that the part of the Co/Pd multilayer being deposited in the interstitial space of the domes contribute to decrease the remanence observed. The hysteresis curves measured with field in the plane of the samples are shown in Fig. 2 .b., where the out of plane loop of the film is also shown for comparison. From these curves the perpendicular anisotropy of the multilayer film can be estimated as K u = 550 kJ/m 3 , where we used the measured values of saturation magnetization M s = 700 kA/m and effective anisotropy field H k = 0.7 T. Angular measurements of coercivity are shown in the Fig. 2 .c, where 0 degrees means the magnetic field applied perpendicular to plane direction, i.e., the easy axis of the samples. In the continuous film the coercivity increase just like 1/cos(θ) as the angle increase, what is attributed to a magnetization reversal by domain wall propagation. [17] [18] [19] In the sample with nanodomes of 100 nm the coercivity slightly decrease up to 30 dg and then increases again at higher angles. This behavior has been compared previously to Stoner-Wolfarth reversal mechanism, 20 but as in our case the agreement of the model with the experimental data is not perfect. In the case of sample with nanodomes of 250 nm the coercivity shows almost a constant dependence with angle, what could be a consequence of the larger dispersion of sizes and heights of nanodomes, increasing the anisotropy dispersion over the nanostructure and also the spherical symmetry of the single nanodome. In order to compare the magnetic domain configuration in both systems, we performed MFM images of the samples in the demagnetized state. The samples were demagnetized using an oscillating applied magnetic field with reduced amplitude. The MFM in the continuous film shows magnetic domains that extends over the whole scanned area of 10 µm x10 µm, as can be seen in figure 3a . These large magnetic domains, forming isotropic labyrinth patterns, were observed previously in Co/Pd multilayers with similar number of bi-layers. 8, 21 The MFM images taken in the array of nanodomes with 100 nm shows a completely different pattern, as can be observed in figure 3.b. A pattern of bicolor magnetic domains with opposite magnetization directions is clearly observed, and the width of the observed magnetic stripes corresponds exactly to the diameter of the nanodomes. In Figure 3 .c it is shown the MFM image for the array of nanodomes with 250 nm in diameter. In this sample the magnetic domains again correspond to the width of the nanodomes, and the magnetic stripes are shorter than the ones observed in Fig. 3 .b. The HA sample have a larger dispersion in size and height of nanodomes, and this larger size dispersion can be responsible for the shorter magnetic stripes seen in the MFM image. Figure 4 shows the Hall resistance versus applied field for the three samples. The following relation gives the Hall resistance R H in magnetic materials, R H = R 0 B + R s M, where B is the magnetic induction, M is magnetization and R 0 and R s are the ordinary and extraordinary Hall coefficients, respectively. The first term is related to the ordinary Hall effect caused by the Lorentz force acting on charge carriers. The second term is related to the magnetization and is called extraordinary Hall Effect (EHE). EHE is usually much larger than the ordinary Hall effect; especially in samples with PMA. Therefore, the Hall resistivity versus field curve resembles the magnetization curve. Actually the concordance of the R H (H) and M (H) curves is very good for our samples.
In Figure 4 the Hall curves for the nanodomes shows the same increase in coercivity observed in the M(H) curves of Fig. 2 , when compared with the continuous film. However, the Hall resistance is almost one order of magnitude larger in the nanodomes with 100 nm, and even larger in nanodomes with 250 nm, as compared to the continuous film. The Hall effect of the samples has been also measured at 5 K, and the corresponding curves are shown in Figure 4 .a. The coercivity of the three samples increase at low temperature, as shown in Fig. 4 .a, and the coercivity of HA sample becomes larger than the NA sample at 5 K, as opposed to observed at 300 K form. The remanence for HA sample at 5 K is higher compared to the one at 300 K. At low temperature the extraordinary Hall resistance increases only for the samples with nanodomes substrates and the Hall curves have a squarer form. All samples have a metallic behavior as can be observed in the resistance dependence of temperature, shown in Figure 4 .c. It is worth to note that the resistance in the films deposited in nanodomes increase as the diameter of the nanodomes increase, at room and low temperatures. One possibility of resistivity increase can be due to an increase of scattering of the electrical current flowing thought the valleys between the nanodomes along the sample. If we focused on fig. 2 .a. there exist a difference in the remanence values for the 250 nm diameter nanodomes. This decrease in the magnetization loop can be explained by an anisotropy contribution of the film deposited in the lateral part of the domes. On the other hand, in the Hall effect curve the remanence remains high, indicating that the current is probably not flowing through the lateral part of the domes, remaining in the valleys, where the main contribution to magnetization is normal to the film plane. The dependence of extraordinary Hall resistivity with normal resistivity in Co/Pd multilayers has been studied as a function of number of multilayer repeats. 22 Surface scattering was reported to appear as the thickness of the film decreases bellow 20 repeats, increasing the resistivity and affecting the EHE. 22 Since all samples where deposited at the same time, resulting in the same conditions and thickness, the increase in the resistance, and consequently in the extraordinary Hall resistance in nanodomes could be explained by the increase of scattering due to presence of the domes and possibly to the film discontinuities due to shadowing effects in the valleys of the nanodomes. 
IV. CONCLUSION
Co/Pd multilayers have been deposited in continuous films and on the barrier layer of ordered alumina membranes, forming nanodomes with different diameters. The multilayers reproduce the geometry of the nanodomes, and magnetic, structural and electrical properties of the samples have been studied. From MFM images it is possible to observe a decrease in the magnetic domain sizes down to the diameter of the nanodomes, resulting in an increase in the coercivity of the films. In the sample with larger domes the curvature of the substrate decreases the perpendicular anisotropy, as observed by the decrease of the remanence. An increment in the extraordinary Hall effect was observed in the films deposited in nanodomes, as compared to the continuous film. This increase in the Hall resistance can be further exploited, aiming the development of MRAMS and Hall sensors, since a low resistivity can be a limiting factor for development of PMA devices made by metallic films. 4
056310-6
Michea et al.
AIP Advances 7, 056310 (2017)
